An absolute hydrophone calibration technique using ultrasonic far-field with optical interferometry was extended to 40 MHz to evaluate the sound pressure amplitude generated by medical ultrasound equipment. A 1-mm nominal radius plane transducer was the calibration sound source for an ultrasonic far-field at 50 mm propagation distance at 40 MHz. The transducer's effective radius was 0.88 mm at 40 MHz, with a range of 1040 MHz. A coplanar membrane hydrophone with a 0.2 mm radius active element was calibrated using the technique at frequencies of 1040 MHz with a 1 MHz frequency interval. Calibration results obtained using the developed system were compared with those obtained using our current calibration system. The discrepancy between those results was within the uncertainty of our current calibration system for frequencies of 1020 MHz.
Introduction
Recently, high-frequency ultrasound beyond 20 MHz has come to be used to improve image resolution in ultrasonic diagnostic equipment for ophthalmology, dermatology, and intravascular ultrasound. Evaluation of the sound-pressure amplitude generated using such equipment is necessary to safeguard patient safety and to assess equipment performance. Hydrophone calibration is important because the sound pressure amplitude is usually determined using calibrated hydrophones.
16)
Hydrophone amplitude sensitivity is defined as the ratio of the hydrophone output voltage amplitude divided by the incident sound-pressure amplitude to the hydrophone in the undisturbed free field of a plane wave. Hydrophones are generally calibrated using optical interferometry with an ultrasonic far-field in the frequency range of 0.5 to 20 MHz. A plane transducer with diameter of around 10 mm is used as the calibration sound source, which is arranged several tens of centimeters distant from the hydrophones. The calibration results obtained using the ultrasonic far-field approximate those in the ideal plane wave condition. 13, 6) Small corrections are sufficient to compensate for the deviation from the ideal plane wave condition.
However, hydrophone calibration using an ultrasonic farfield is difficult at frequencies higher than 20 MHz because the large ultrasonic attenuation and the increase of the propagation distance to form ultrasonic far-field cause overly poor signal-to-noise ratios to the calibration results. 3, 4) The ultrasonic attenuation increases from 0.8 dB/cm at 20 MHz up to 3.2 dB/cm at 40 MHz. The propagation distance necessary to form an ultrasonic far-field increases in proportion with the ultrasound frequency. For those reasons, no previous report in the literature describes an investigation of absolute hydrophone calibration using an ultrasonic farfield with optical interferometry in the frequency range up to 40 MHz.
For this study, the absolute hydrophone calibration technique using ultrasonic far-field with optical interferometry was extended to frequencies of 40 MHz. In principle, the propagation distance necessary to form the ultrasonic far-field is at least farther than the last axial maximum, which is proportional to the square of the transducer effective radius. It was used to decrease the propagation distance and to enhance the signal-to-noise ratio of the calibration results. A 1 mm nominal radius plane transducer was used as the calibration sound source, thereby achieving the ultrasonic far-field at 50 mm propagation distance at 40 MHz. A coplanar membrane hydrophone with a 0.2-mm-radius active element was calibrated using an ultrasonic far-field at frequencies of 10 40 MHz with a 1 MHz frequency interval. The discrepancies between the calibration results of this study and those measured using our current calibration system were within the uncertainty of our current calibration system at frequencies of 1020 MHz. Figure 1 portrays a block diagram of the hydrophone calibration system using optical interferometry. Regarding hydrophone calibration, tone-burst ultrasound generated from a transducer was alternately observed at almost identical positions using a stabilized Michelson interferometer 7) and the hydrophone to be calibrated. The hydrophone amplitude sensitivity MðfÞ is given as
Experimental Procedure
where f is the ultrasound frequency. 8) In addition, pðfÞ, V h ðfÞ, and UðfÞ respectively signify the incident plane wave sound-pressure amplitude, the hydrophone output voltage amplitude, and the incident plane wave ultrasound displacement amplitude measured using the interferometer. Furthermore, μ and c respectively denote the water density and the sound velocity in water. The water temperature used for this study, 23 « 0.5°C, was monitored using a thermometer. The temperature data were used to calculate the water density and the sound velocity in water.
Signals from the interferometer and the hydrophone were amplified using an RF amplifier, averaged from 100 times to 2000 times to increase the signal-to-noise ratio. They were recorded using a 12-bit digitizer operated with the external clock mode of 204.8 MHz. The record length and the time window for data acquisition were, respectively, 1024 points and flat. The signal amplitude was calculated using the fast Fourier transformation (FFT). The frequency interval for the FFT of the signals was 200 kHz. Hydrophones were calibrated at frequencies of 1040 MHz with a 1 MHz frequency interval.
A plane polyvinylidene fluoridetrifluoroethylene (PVDFTrFE) transducer with a nominal radius of 1 mm was used as the calibration sound source. The transducer generated toneburst ultrasound with 10 µs pulse duration. The transducer had a nominal center frequency of 40.3 MHz and a nominal ¹6 dB bandwidth of 28 MHz. The 3D positions and the two rotation angles of the transducer were controlled accurately. The two lateral positions and the two rotation angles of the transducer were controlled to maximize the hydrophone output voltage amplitude. The propagation distance between the transducer and the detection point was adjusted to 50 mm using the ultrasound propagation time.
The transducer effective radii were evaluated at frequencies of 20, 30, and 40 MHz to ascertain the propagation distance necessary to form an ultrasonic far-field. The transducer effective radius a t was evaluated using leastsquares method with the normalized directivity function of the circular piston, which is expressed as
where J 1 ( ) is the first-order Bessel function of the first kind. 9) In addition, ª and k respectively denote the rotation angle and the wave number. The sound pressure amplitude of the tone burst ultrasound generated from the transducer was measured using the interferometer. The propagation distance was 50 mm. The transducer rotation angle was controlled using a motorized stage with angular accuracy of 0.1 deg. The tone-burst ultrasound generated from the transducer must be detected with sufficient signal-to-noise ratios using the interferometer and the hydrophone to be calibrated. Therefore, the frequency dependence of the incident sound pressure amplitude was measured at the detection point using the interferometer, which shows a smaller signal-to-noise ratio than that of the hydrophone. The propagation distance was 50 mm. The measured values were compared with those of our current calibration system, 6) which used a 3.2 mm nominal radius piezoelectric zirconate titanate (PZT) transducer as a calibration sound source. A 270 mm propagation distance of the current calibration system was 1.5 times the last axial maximum at 20 MHz.
A coplanar membrane hydrophone having a 0.2 mm nominal radius active element with a submersible preamplifier was calibrated in this study. The preamplifier output was terminated at impedance of 50 ³ « 1%. The hydrophone was calibrated using the developed system at frequencies of 10 40 MHz with a 1 MHz frequency interval. The hydrophone was also calibrated at frequencies of 1020 MHz with a 1 MHz frequency interval using our current calibration system.
6) The relative expanded uncertainties (confidence level of approximately 95%) of the hydrophone amplitude sensitivity measured using the current calibration system were 6.1% at 10 MHz, 6.3% at 15 MHz, and 6.8% at 20 MHz.
Results and Discussion
The transducer effective radius was evaluated to calculate the propagation distance necessary to form an ultrasonic farfield. The radius was evaluated using least-squares method with the normalized directivity function of the circular piston. , and 40 MHz were, respectively, 9.6, 14, and 21 mm. The transducer effective radii at the frequencies and the 50 mm propagation distance met the ultrasonic far-field condition because the propagation distance was greater than 2.4 times the last axial maximum.
Tone-burst ultrasound generated from the transducer was observed at frequencies of 1040 MHz. Figure 3 shows the frequency dependence of the incident sound pressure amplitude at the detection point. The tone burst ultrasound was detected with sufficient signal-to-noise ratios using the interferometer. The measured values of the developed system were 2060 kPa. They were the same order or larger than those of the current calibration system. They also indicated wider bandwidth than data of the current calibration system indicated.
The coplanar membrane hydrophone was calibrated using the developed system at frequencies of 1040 MHz with a 1 MHz frequency interval. The hydrophone was also calibrated using the current calibration system at frequencies of 1020 MHz with a 1 MHz frequency interval. Figure 4 presents the results. The relative differences between the results measured using the developed system and those measured using the current calibration system were 2.4% at 10 MHz, 3.8% at 15 MHz, and 3.1% at 20 MHz. The discrepancy between the calibration results measured using the developed system and those measured using the current calibration system were within the uncertainties of the current calibration system at frequencies of 1020 MHz. 
Conclusion
An absolute hydrophone calibration technique using an ultrasonic far-field with optical interferometry was extended to 40 MHz. In principle, the propagation distance necessary to form an ultrasonic far-field is proportional to the square of the transducer effective radius. It was used to shorten the propagation distance and to enhance the signal-to-noise ratio of the calibration results. A 1-mm nominal radius plane PVDF-TrFE transducer was used as the calibration sound source to achieve an ultrasonic far-field at 50 mm propagation distance at 40 MHz. A coplanar membrane hydrophone was calibrated at frequencies of 1040 MHz with a 1 MHz frequency interval. The calibration results measured using the developed system were compared with those measured using our current calibration system. The discrepancy between the calibration results measured using the developed system and those measured using our current calibration system were within the uncertainties of our current calibration system at frequencies of 1020 MHz. Additional studies will be conducted to evaluate the calibration uncertainties of the developed system. 4 Amplitude sensitivity of a coplanar membrane hydrophone with a 0.2 mm radius active element: ( ) the developed system and ( ) our current calibration system. Relative expanded uncertainties of our current calibration system were 6.1% at 10 MHz, 6.3% at 15 MHz, and 6.8% at 20 MHz.
